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OPTICAL FILTER, OPTICAL FILTER
MODULE, SPECTROMETRIC INSTRUMENT,
AND OPTICAL INSTRUMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 13/211,794 filed Aug. 17, 2011. This application claims
the benefit of Japanese Patent Application No. 2011-184803,
filed Aug. 20, 2010. The disclosures of the above applications
are incorporated herein by reference.

BACKGROUND

1. Technical Field

The present invention relates to an optical filter, an optical
filter module, a spectrometric instrument, an optical instru-
ment, and the like.

2. Related Art

An optical filter, such as an interference filter, is heretofore
used in a spectrometric instrument or the like. As one form of
the interference filter, a Fabry-Perot Etalon interference filter
(hereinafter, referred to an Etalon filter or simply referred to
as an Etalon) is known. For example, JP-A-11-142752
describes a transparent wavelength-variable interference fil-
ter (hereinafter, referred to as a variable gap Etalon filter or
simply referred to as a variable gap Etalon) with a variable
transparent wavelength. This interference filter includes a
pair of substrates, and optical films (reflecting films) which
are formed on the pair of substrates to face each other at a
regular-interval gap. In this interference filter, the size of the
gap between the optical films (reflecting films) changes dueto
external force to variably control the transparent wavelength.

In order to realize an Ftalon having the desired character-
istics, it is necessary to appropriately design optical films
having a transmissive characteristic and a reflective charac-
teristic with respect to light in a desired wavelength band. In
general, many optical films have a structure in which the
thickness of an optical film with respect to the wavelength A
oflight is A/4, and the optical films having the same structure
are arranged to face each other and used in pairs. In order to
realize more distinctive optical characteristics, the thickness
of each optical film may have a value other than A/4 (for
example, JP-A-2008-129504). In JP-A-2008-129504, the
optical films having the same structure are used in pairs.

In the Etalon filter serving as an optical filter, the filter
characteristics (reflective characteristic, transmissive charac-
teristic, and the like) are determined by the reflectance of the
optical film. When the reflectance of the optical film is high,
the half-value width becomes small, and when the reflectance
of'the optical film is low, the half-value width becomes large.
By controlling the reflectance of the optical film, it is possible
to control the filter characteristics of the Etalon filter. If the
half-value width of the Etalon is small, only a desired wave-
length is extracted. For this reason, when the Etalon is used as
a spectrometric instrument, it is possible to increase measure-
ment precision. However, if the half-value width of the Etalon
is small, since the quantity of light which transmits the Etalon
is lowered, the light-receiving unit may not easily detect light.
Meanwhile, if the half-value width of the Etalon is large, the
quantity of light which transmits the Etalon increases. In this
case, the light-receiving unit easily detects light and also
detects light other than a desired wavelength. That is, the
wavelength resolution of the Etalon is lowered. When design-
ing the Etalon, it is necessary that each of the “half-value
width” and the “transmitted light quantity” satisfies a desired
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reference. Incidentally, for example, when the wavelength
band of light to be used spans a wide wavelength range, it may
become difficult to design the optical film.

As described above, the factor which determines the half-
value width of the Etalon is the reflectance of an optical film.
As a general method of controlling the reflectance of the
optical film, a method is known which changes the material of
the optical film or forms an optical film using a multilayer film
and changes the number of layers in the multilayer film.
However, when the material changes, there is a limit on the
types of usable materials. When the number of layers of the
optical film changes, the reflectance has only a discrete value
with respect to the number of layers, and accordingly, it may
be impossible to design an optical film such that a target
reflectance, that is, a target half-value width or transmitted
light quantity is obtained.

Thatis, when the number of layers changes, the value of the
half-value width changes discretely, and a value other than the
discrete value may not be realized only with a change in the
number of layers. For example, when a specification is satis-
fied such that a half-value width is 3+£0.5 nm, if discrete
reflectance obtained with a change in the number of layers
does not fall within the desired range in an optical film made
of'a predetermined material, it becomes difficult to appropri-
ately design the optical film.

SUMMARY

An advantage of some aspects of the invention is to facili-
tate, for example, design for the characteristics of an optical
filter.

(1) According to an aspect of the invention, an optical filter
includes a first substrate, a second substrate which faces the
first substrate, a first optical film which is provided on the first
substrate, and a second optical film which is provided on the
second substrate to face the first optical film. The reflective
characteristic of the first optical film determined by the reflec-
tance of light of each wavelength in the reflective band of light
is different from the reflective characteristic of the second
optical film determined by the reflectance of light of each
wavelength in the reflective band.

Although in the related art, optical films are designed
assuming that a first optical film and a second optical film
which form a mirror have the same reflective characteristic, in
this aspect, the reflective characteristic of the first optical film
is intentionally different from the reflective characteristic of
the second optical film. That is, the reflective characteristic of
the first optical film is asymmetrical to the reflective charac-
teristic of the second optical film. Therefore, it is possible to
realize optical filter characteristics which could not be
obtained by a combination of optical films having the same
characteristic.

For example, it becomes possible to design optical films in
various forms, and it becomes easy to design optical films
which satisfy a target half-value width or transmitted light
quantity. That is, it is possible to more easily realize spectral
characteristics, which are required for the optical filter, com-
pared to the related art, thereby reducing a burden in design-
ing the optical filter. Specifically, the above-described
“reflective characteristic of the optical film” is the “reflective
characteristic determined by the reflectance of light of each
wavelength in the reflective band of the optical film”.

(2) In the optical filter according to the aspect of the inven-
tion, the first center wavelength of the first optical film cor-
responding to the peak reflectance of light may be set to a
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value different from the second center wavelength of the
second optical film corresponding to the peak reflectance of
light.

With this configuration, when the center wavelength of the
first optical film alone is the first center wavelength, and the
center wavelength of the second optical film alone is the
second center wavelength, the first center wavelength is set to
a value different from the second center wavelength. Specifi-
cally, the first center wavelength is a wavelength correspond-
ing to the maximum reflectance of light in the first optical film
(the peak reflectance of light), and the second center wave-
length is a wavelength corresponding to the maximum reflec-
tance of light in the second optical film (the peak reflectance
of light).

The center wavelengths of the optical films are different
from each other, such that the reflective characteristic of the
first optical film is asymmetrical to the reflective characteris-
tic of the second optical film, making it easy to realize an
optical filter which satisfies both the target half-value width
and transmitted light quantity.

As amethod of making (shifting) the center wavelengths of
the optical film different from each other, for example, a
method can be used in which the optical films are formed of
dielectric multilayer films using the same material, and the
number of layers differs between the optical films. For
example, a method can be used in which the number of first
optical films is the same as the number of second optical
films, and the thickness of each film laminated differs
between the first optical film and the second optical film. A
method can also be used in which the number of layers and the
thickness of each film differ between the first optical film and
the second optical film. A method can also be used in which
the materials for forming the optical films are different from
each other. A method can also be used in which the structures
of the optical films are different from each other.

(3) In the optical filter according to the aspect of the inven-
tion, when the first center wavelength of the first optical film
is A1, the second center wavelength of the second optical film
is A2, and the center wavelength in the spectral band of the
optical filter is A3, A1<A3<A2 may be established.

With this configuration, the center wavelength A3 in the
spectral band of the optical filter (the center wavelength of the
optical filter) is set in the wavelength band between the center
wavelengths of the optical films, that is, in the wavelength
band of A1 to A2. When the optical filter is, for example, a
light-transmissive filter, the center wavelength A3 is a wave-
length corresponding to peak transmittance in a light-trans-
missive band (that is, the spectral band of the optical filter
which is realized at that time).

The spectral characteristics of the optical filter are deter-
mined depending on the product of the reflectances of the first
optical film and the second optical film at the center wave-
length of the optical filter. If the product of the reflectances of
the optical films has an excessively small value, the half-value
width becomes excessively large, making it impossible to
secure desired optical filter characteristics, that is, wave-
length resolution. With this configuration, the center wave-
length A3 of the optical filter is set in the wavelength band
between the wavelength A1 corresponding to the peak reflec-
tance of the first optical film and the wavelength A2 corre-
sponding to the peak reflectance of the second optical film.
Thus, the reflectance of each optical film at the wavelength A3
can be equal to or greater than the minimum. Therefore, the
product of the reflectances of the optical films is prevented
from becoming excessively small.

(4) In the optical filter according to the aspect of the inven-
tion, when the minimum value of the reflectance of the first
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4

optical film in the spectral band of the optical filter is a1, and
the minimum value of the reflectance of the second optical
film in the spectral band of the optical filter is a2, al-a2=0.64
may be established.

When the minimum value of the reflectance of the first
optical film in the spectral band is ct1, and the minimum value
of'the reflectance of the second optical film is a2, the value of
al-a2 (the product of a1 and a2) to be designed is appropri-
ately determined depending on the design conditions or the
like, and accordingly, it is difficult to define the reference
uniformly. Meanwhile, from experience of design for an opti-
cal filter, for example, if 21=0.8 and ¢.2=0.8, an optical filter
can be designed, and it is thus considered that the reflectances
should have these values to the minimum. That is, it is con-
sidered that ct1-a.2 should be equal to or greater than 0.64 as
the reference from experience. Therefore, with this configu-
ration, the reflectances of the first optical film and the second
optical film are set such that al-02=0.64 is established.

(5) In the optical filter according to the aspect of the inven-
tion, when the center wavelength in the spectral band of the
first optical film is identical to the center wavelength in the
spectral band of the second optical film, and the identical
center wavelength is a common center wavelength, the reflec-
tance of light of the common center wavelength in the first
optical film may be set to first reflectance, and the reflectance
of light of the common center wavelength in the second
optical film may be set to second reflectance different from
the first reflectance.

With this configuration, while the center wavelength of'the
first optical film is identical to the center wavelength of the
second optical film, the reflectances of the optical films at the
center wavelength (common center wavelength) are set to
different values. As a method of making the reflectance at the
common center wavelength differ between the first optical
film and the second optical film, for example, a method can be
used in which the optical films are formed of dielectric mul-
tilayer films using the same material, and the number of layers
differs between the optical films. A method can also be used
in which the materials for forming the optical films are dif-
ferent from each other. A method can also be used in which
the structures of the optical films are different from each
other.

(6) In the optical filter according to the aspect of the inven-
tion, the first optical film may be a first laminated film which
is formed by laminating m (where m is an integer equal to or
greater than 1) pairs of layers, each having a set of a first
material film and a second material film, and the second
optical film may be a second laminated film which is formed
by laminating n (where n is an integer equal to or greater than
2, and n=m) pairs of layers, each having a set of the first
material film and the second material film.

With this configuration, the first optical film and the second
optical film are formed of laminated films, and the number of
pairs of layers differs between the first optical film and the
second optical film, such that the reflective characteristic of
the first optical film is asymmetrical to the reflective charac-
teristic of the second optical film. For example, the first mate-
rial film (upper layer: small refractive index) and the second
material film (lower layer: large refractive index) having dif-
ferent refractive indexes are provided as a set (one pair) of
layers, and the number of sets of layers, that is, the number of
pairs differs between the first optical film and the second
optical film. Varying the number of layers (the number of
pairs) in the laminated film can be achieved by slightly vary-
ing the manufacturing process and is easily realized.

(7) In the optical filter according to the aspect of the inven-
tion, the first optical film may be a first laminated film which
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is formed by laminating m (where m is an integer equal to or
greater than 1) pairs of layers, each having a set of a first
material film and a second material film, and the second
optical film may be a second laminated film which is formed
by laminating m pairs of layers, each having a set of the first
material film and the second material film, the thickness of a
set of layers being different from the thickness of a set of
layers in the first optical film.

With this configuration, the first optical film and the second
optical film are formed of laminated films, and while the
number of pairs of layers is the same, the thickness of a set of
layers having the first material layer and the second material
layer differs between the optical films, such that the reflective
characteristic of the first optical film is asymmetrical to the
reflective characteristic of the second optical film. For
example, the first material film (upper layer: small refractive
index) and the second material film (lower layer: large refrac-
tive index) having different refractive indexes are provided as
a set (one pair) of layers, and the thickness of at least one of
the first material film and the second material film varies
between the first optical film and the second optical film,
thereby providing a difference in the thickness of a set of
layers. The above configuration of the optical films can be
achieved by slightly varying the manufacturing process and is
easily realized.

(8) In the optical filter according to the aspect of the inven-
tion, the first optical film may be a first laminated film which
is formed by laminating m (where m is an integer equal to or
greater than 1) pairs of layers, each having a set of a first
material film and a second material film, and the second
optical film may be a second laminated film which is formed
by laminating n (where n is an integer equal to or greater than
2, and n=m) pairs of layers, each having a set of the first
material film and the second material film, the thickness of a
set of layers being different from the thickness of a set of
layers in the first optical film.

With this configuration, the first optical film and the second
optical film are formed of laminated films, the number of
pairs of layers differs between the optical films, and the thick-
ness of a set of layers having the first material layer and the
second material layer differs between the optical films, such
that the reflective characteristic of the first optical film is
asymmetrical to the reflective characteristic of the second
optical film.

For example, the first material film (upper layer: small
refractive index) and the second material film (lower layer:
large refractive index) having different refractive indexes are
provided as a set (one pair) of layers, and the number of sets
oflayers, that is, the number of pairs differs between the first
optical film and the second optical film. The thickness of at
least one of the first material film and the second material film
varies between the first optical film and the second optical
film, thereby providing a difference in the thickness ofa set of
layers. With the adjustment of the number of layers (the
number of pairs) in the laminated film and the adjustment of
the thickness of a set of layers, it is possible to control the
reflective characteristic of the optical film in more various
forms. The above configuration of the optical films can be
achieved by slightly varying the manufacturing process and is
easily realized.

(9) In the optical filter according to the aspect of the inven-
tion, a material which forms the first optical film may be
different from a material which forms the second optical film.

With this configuration, the material differs between the
optical films, such that the reflective characteristic of the first
optical film is asymmetrical to the reflective characteristic of
the second optical film. With a combination of optical films
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using different materials, it is possible to design an optical
filter having more various characteristics. For example, a case
where a dielectric multilayer film is used as the first optical
film, and a metal film (Ag simplex film or Ag alloy film)
mainly consisting of Ag (silver) is used as the second optical
film is taken into consideration. In this case, it is possible to
realize optical filter characteristics which could not be
obtained by a combination of the same materials.

(10) In the optical filter according to the aspect of the
invention, the structure of the first optical film may be difter-
ent from the structure of the second optical film.

With this configuration, the structure differs between the
optical films, such that the reflective characteristic of the first
optical film is asymmetrical to the reflective characteristic of
the second optical film. For example, there may be a case
where the first optical film is a laminated film with a set of
layers of a first material layer and a second material layer as
a constituent unit, and the second optical film is a laminated
film with a set of layers of the first material layer, the second
material layer, and a third material layer as a constituent unit.
While the molecular formulae of the materials which are used
for the optical films are the same, a way of bonding atoms or
groups in each compound changes by the chemical and physi-
cal actions of a catalyst or the like. Thus, the compounds
(isomers) have the same molecular formula but are different
in the structural formula. This also corresponds to a case
where the structures of the optical film are different from each
other.

(11) In the optical filter according to the aspect of the
invention, the optical filter may be a variable gap Etalon filter,
the first substrate may be a fixed substrate having a first
electrode, the second substrate may be a movable substrate
having a second electrode, and the gap between the first
optical film and the second optical film may be variably
controlled by electrostatic force which is generated between
the first electrode and the second electrode, such that the
spectral band is switched within a desired wavelength band.

The variable gap Etalon filter is a convenient wavelength-
variable filter which uses the principle of a Fabry-Perot inter-
ferometer, has a simple configuration, and is suitable for
reduction in size and lower cost. The gap between the first
optical film and the second optical film can be controlled with
satisfactory precision by electrostatic force which is gener-
ated between the first electrode and the second electrode.
With this configuration, the reflective characteristics of a pair
of'optical films which are used in the variable gap Etalon filter
and function as a mirror are asymmetrized. Therefore, design
of the variable gap Etalon filter is facilitated.

(12) In the optical filter according to the aspect of the
invention, the first electrode may be formed around the first
optical film in plan view when viewed from the thickness
direction of the first substrate, and the second electrode may
be formed around the second optical film in plan view when
viewed from the thickness direction of the second substrate.

With this configuration, the first electrode and the second
electrode of a first wavelength-variable band-pass filter are
respectively formed around the first optical film and the sec-
ond optical film. Since the optical films and the electrodes do
not overlap each other, the electrodes do not affect the light-
reflective characteristics (or light-transmissive characteris-
tics) of the optical films. Therefore, design of the optical films
is not complicated.

(13) In the optical filter according to the aspect of the
invention, the thickness of the second optical film provided on
the second substrate serving as the movable substrate may be
smaller than the thickness of the first optical film provided on
the first substrate serving as the fixed substrate.
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Since the second substrate is a movable substrate, it is
important that a movable unit (diaphragm) is appropriately
bent (deformed) in accordance with electrostatic force which
is generated between the first electrode and the second elec-
trode. Thus, with this configuration, the thickness of the sec-
ond optical film provided on the second substrate serving as
the movable substrate is set to be smaller than the thickness of
the first optical film provided on the first substrate serving as
the fixed substrate. Therefore, stress by the second optical
film in the second substrate serving as the movable substrate
is reduced, making it easy to secure satisfactory bendability
of the movable unit.

(14) According to another aspect of the invention, an opti-
cal filter module includes the above-described optical filter,
and a light-receiving element which receives light having
transmitted the optical filter.

The optical filter module can be used, for example, as a
receiving unit (including a light-receiving optical system and
a light-receiving element) of an optical communication
device, and can be used, for example, as a light-receiving unit
(including a light-receiving optical system and a light-receiv-
ing element) of a spectrometric instrument. With this configu-
ration, a small and convenient optical filter module is real-
ized.

(15) According to still another aspect of the invention, a
spectrometric instrument includes the above-described opti-
cal filter, a light-receiving element which receives light hav-
ing transmitted the optical filter, and a signal processing unit
which performs given signal processing on the basis of signal
processing based on a signal obtained from the light-receiv-
ing element.

With this configuration, it is possible to realize a small,
lightweight, and convenient spectrometric instrument which
has a simplified configuration. The signal processing unit
performs predetermined signal processing on the basis of a
signal (light-receiving signal) obtained from the light-receiv-
ing element and measures, for example, the spectrophotomet-
ric distribution of a sample. With the measurement of the
spectrophotometric distribution, for example, it is possible to
perform sample colorimetry, sample component analysis, or
the like.

(16) According to yet another aspect of the invention, an
optical instrument includes the above-described optical filter.

With this configuration, for example, a small, lightweight,
and convenient optical instrument (for example, various sen-
sors or optical communication application instrument) hav-
ing a simplified configuration is realized.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIGS. 1A to 1D are diagrams showing an example of the
reflective characteristics of a pair of optical films which are
the constituent elements of an optical filter and an example of
the spectral characteristics of an optical filter.

FIGS. 2A and 2B are diagrams showing another example
of'the reflective characteristics of a pair of optical films which
are the constituent elements of an optical filter.

FIGS. 3A to 3D are diagrams illustrating a specific
example of design for optical films in an Etalon filter.

FIGS. 4A 10 4C are diagrams illustrating an example where
amirror structure is used in which the thickness of a dielectric
multilayer film differs between a first optical film and a sec-
ond optical film.
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FIGS. 5A and 5B are diagrams illustrating an example
where a mirror structure is used in which the number of layers
of a dielectric multilayer film (the number of pairs) differs
between a first optical film and a second optical film.

FIGS. 6A to 6C are diagrams illustrating an example where
a material for forming a first optical film and a material for
forming a second optical film are different from each other.

FIGS. 7A to 7C are diagrams illustrating an example of a
specific structure of a variable gap Etalon filter and the opera-
tion of the variable gap Etalon filter.

FIGS. 8A and 8B are diagrams showing an example of the
structure of an optical filter using a variable gap Etalon filter
and an example of the configuration of a spectrometric instru-
ment.

FIG. 9 is a block diagram showing the schematic configu-
ration of a transmitter of a wavelength multiplexing commu-
nication system which is an example of an optical instrument.

FIG. 10 is a diagram showing an example of the relation-
ship between the reflectance of an optical film and the half-
value width of an optical filter.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, exemplary embodiments of the invention will
be described in detail. The embodiments described below are
not intended to unduly limit the content of the invention
described in the appended claims, and it is not necessary that
all the configuration described in the embodiments are essen-
tial as the means for resolution of the invention.

First Embodiment

FIGS. 1A to 1D are diagrams showing an example of the
reflective characteristics of a pair of optical films which are
the constituent elements of an optical filter and an example of
the spectral characteristics of an optical filter. As shown in
FIG. 1A, an Etalon filter 300 has a first substrate 20 and a
second substrate 30 which are held in parallel with each other,
a first optical film 40 which is provided on the first substrate
20, and a second optical film 50 which is provided on the
second substrate 30. The first substrate 20 and the second
substrate are, for example, glass substrates which have trans-
missiveness with respect to light in a desired wavelength
band.

The first optical film 40 and the second optical film 50 are
formed to face each other at a predetermined gap G1. The first
optical film 40 and the second optical film 50 have reflective
characteristics and transmissive characteristics with respect
to light in a desired wavelength band, and form a mirror in the
Etalon filter 300. The first optical film can be also referred to
as a first reflecting film, and the second optical film can be also
referred to as a second reflecting film.

The gap G1 may be fixed or the gap G1 may be variable.
The principle of the Etalon filter and the structure, operation,
and the like of the variable gap Etalon will be described
below.

In this embodiment, the reflective characteristic of the first
optical film 40 is set to be different from the reflective char-
acteristic of the second optical film 50. Specifically, the
“reflective characteristic of the optical film” refers to the
“reflective characteristic of the optical film determined by the
reflectance of light of each wavelength in a reflective band”.

As described above, although in the example of the related
art, optical films are designed assuming that a first optical film
and a second optical film which form a mirror have the same
reflective characteristic, in this embodiment, the reflective



US 9,229,219 B2

9

characteristic of the first optical film 40 is intentionally dif-
ferent from the reflective characteristic of the second optical
film 50.

That is, the reflective characteristic of the first optical film
40 is asymmetrical to the reflective characteristic of the sec-
ond optical film 50. Thus, it is possible to realize optical filter
characteristics which could not be obtained by a combination
of optical films having the same characteristic. For example,
optical films can be designed in various forms, and it becomes
easy to design optical films which satisty a target half-value
width or transmitted light quantity. That is, it is possible to
more easily realize the spectral characteristics which are
required for the optical filter compared to the related art,
thereby reducing a burden in designing the optical filter.

FIG. 1B shows an example of design of the reflective
characteristic of each of the first optical film 40 and the
second optical film 50. In FIG. 1B, a characteristic line L1
which represents the reflective characteristic of the first opti-
cal film 40 is indicated by a solid line, and a characteristic line
L2 which represents the reflective characteristic of the second
optical film 50 is indicated by a broken line. In the example
shown in FIG. 1B, a first center wavelength A1 of the first
optical film 40 corresponding to the peak reflectance is set to
a value different from a second center wavelength A2 of the
second optical film 50 corresponding to the peak reflectance.
That is, in the example of FIG. 1B, the center wavelengths of
the optical films are shifted by a predetermined wavelength.
The center wavelength of the first optical film 40 alone is
referred to as the first center wavelength A1, and the center
wavelength of the second optical film 50 alone is referred to as
the second center wavelength A2. Specifically, the first center
wavelength A1 is a wavelength corresponding to the maxi-
mum reflectance (peak reflectance) of the first optical film 40,
and the second center wavelength A2 is a wavelength corre-
sponding to the maximum reflectance (peak reflectance) of
the second optical film 50.

The center wavelengths (A1 and A.2) of the optical films 40
and 50 are different from each other, that is, the reflective
characteristic of the first optical film 40 is asymmetrical to the
reflective characteristic of the second optical film 50, making
it easy to realize the Etalon filter 300 which satisfies both the
target half-value width and transmitted light quantity, for
example. The relationship between the reflectance and the
half-value width in the Etalon filter 300 and the relationship
between the reflectance and the half-value width will be
described below.

As a method of making (shifting) the center wavelengths
(A1 and A2) of the optical films 40 and 50 different from each
other, for example, a method can be used in which, while the
number of layers is the same, the thickness of a layer to be
laminated differs between the first optical film 40 and the
second optical film 50. A method can also be used in which
the materials for forming the optical films are different from
each other. A method can also be used in which the structures
of the optical films are different from each other.

In the example of FIG. 1B, when the center wavelength in
the spectral band of the Etalon filter 300 (the center wave-
length of the Etalon filter 300) is A3, it is preferable that
A1<A3<)2 is established. In the example of FIG. 1B, A1 is set
to 450 nm, A2 is set to 500 nm, and A3 is set to 460 nm. At this
time, as shown in FIG. 1D, the light-transmissive character-
istic inthe spectral band has a half-value width W at the center
wavelength A3 (430 nm).

The spectral characteristics of the Etalon filter 300 are
determined depending on the reflective characteristics of the
first optical film 40 and the second optical film 50. FIG. 1D
shows an example of the spectral characteristics of the Etalon
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filter 300. In the example shown in FIG. 1D, the spectral band
of'the Etalon filter 300 is set to a wavelength band of 450 nm
to 470 nm. The Etalon filter 300 shows the maximum trans-
mittance at the wavelength 460 nm. The wavelength (the
wavelength having the peak transmittance) corresponding to
the peak transmittance is the center wavelength A3 in the
spectral band of the Etalon filter 300.

The reason why the description “the center wavelength in
the spectral band” is used is as follows. That is, in the case of
a wavelength-variable filter, a plurality of spectral bands can
be realized, and a center wavelength is present in each spec-
tral band. In other words, in the case of a wavelength-variable
filter, there are a plurality of center wavelengths of the Etalon
filter 300. From this viewpoint, the accurate description “the
center wavelength A3 in the spectral band of the Etalon filter
300~ is used in the sense of “the center wavelength in the
spectral band which is realized in the Etalon filter 300.
However, in this specification, there is a case where the center
wavelength A3 of the optical filter is simply described.

The condition that A1<A3<A2 is established means that the
center wavelength A3 in the spectral band of the Etalon filter
300 is set in the wavelength band between the center wave-
lengths of the optical films 40 and 50, that is, in the wave-
length band of A1 to A2. Thus, the reflectance of each of the
optical films 40 and 50 at the wavelength A3 can be equal to or
greater than the minimum.

That is, the spectral characteristics of the Etalon filter 300
are determined depending on the product of the reflectances
of the first optical film 40 and the second optical film 50 at
each wavelength in the spectral band of the optical filter. If the
product of the reflectances of the optical films 40 and 50 has
an excessively small value, the half-value width becomes
excessively large, making it impossible to secure the desired
characteristics (wavelength resolution or the like) of the opti-
cal filter.

In the example of FIG. 1B, the minimum value of the
reflectance in the spectral band of the first optical film 40 is
al, and the minimum value of the reflectance in the spectral
band of the second optical film 50 is 2. When A1<A3<A2 is
established, as shown in FIG. 1B, the reflectances al and a2
of the optical films 40 and 50 can be equal to or greater than
the minimum. That is, the product (a1-A2) of the reflectances
of the optical films 40 and 50 is prevented from becoming
excessively small. Therefore, it is possible to obtain the
desired characteristics (resolution) of the Etalon filter 300.

FIG. 1C shows a comparative example. In FIG. 1C, A3 is
set to 520 nm, and A1<A2<A3 is obtained. In this case, the
center wavelength A1 of the first optical film 40 and the center
wavelength A3 of the Etalon filter 300 are excessively distant
from each other, and the reflectance a.2' of the first optical film
40 at the wavelength A3 becomes significantly small. The
reflectance of the second optical film 50 at the wavelength A3
is al'. In the example of FIG. 1C, since the value of a2' is
small, the product (c1':a2") of the reflectances of the optical
films 40 and 50 at the wavelength A3 consequently becomes
significantly small, making it impossible to secure the reflec-
tance which is required at minimum.

When designing actual optical films, the value of al-a2
(the product of al and a2) to be designed is appropriately
determined depending on the design conditions or the like,
and accordingly, it is difficult to define the reference uni-
formly. However, from experience of design for an optical
filter, for example, if ®1=0.8 and 0:2=0.8, an optical filter can
be designed, and it is thus considered that the reflectances
should have these values to the minimum. That is, it is con-
sidered that ct1-a.2 should be equal to or greater than 0.64 as
the reference from experience. Therefore, in the example
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shown in FIG. 1B, it is preferable that the reflectances of the
first optical film and the second optical film are set such that
al-0=0.64 is established.

FIGS. 2A and 2B are diagrams showing another example
of'the reflective characteristics of a pair of optical films which
are the constituent elements of an optical filter. In FIG. 2A, a
characteristic line 1.3 which represents the reflective charac-
teristic of the first optical film 40 is indicated by a solid line,
and a characteristic line [.4 which represents the reflective
characteristic of the second optical film 50 is indicated by a
broken line. In the example shown in FIG. 2A, the first center
wavelength A1 of the first optical film 40 corresponding to the
peak reflectance is 450 nm, and the second center wavelength
A2 of the second optical film 50 corresponding to the peak
reflectance is also 450 nm. The center wavelengths are iden-
tical. The identical center wavelength is referred to as a com-
mon center wavelength.

The reflectance of light at the common center wavelength
in the first optical film 40 is set to first reflectance 3. The
reflectance of light at the common center wavelength in the
second optical film 50 is set to second reflectance a4 different
from the first reflectance. That is, in the example shown in
FIG. 2A, while the center wavelengths A1 and A2 of the first
optical film 40 and the second optical film 50 are identical, the
reflectances a3 and a4 of the optical films 40 and 50 at the
center wavelength (common center wavelength) are set to
different values. As a method of making the reflectance at the
common center wavelength differ between the first optical
film 40 and the second optical film 50, for example, a method
can be used in which the optical films 40 and 50 are formed of
dielectric multilayer films using the same material, and the
number of layers differ between the optical films 40 and 50. A
method can also be used in which the materials for forming
the optical films 40 and 50 are different from each other. A
method can also be used in which the structures of the optical
films 40 and 50 are different from each other.

In the example shown in FIG. 2B, the material for forming
the first optical film 40 is different from the material for
forming the second optical film 50. For example, a dielectric
multilayer film is used as the first optical film 40, and the
second optical film 50 is formed of a film (Ag simplex film or
Ag alloy film) mainly consisting of Ag (silver). The following
description will be described assuming that an Ag simplex
film is used as the second optical film 50.

In FIG. 2B, a characteristic line L5 which represents the
reflective characteristic of the first optical film (dielectric
multilayer film) 40 is indicated by a solid line, and a charac-
teristic line L6 which represents the reflective characteristic
of'the second optical film (Ag simplex film) 50 is indicated by
a broken line. The center wavelengths of the optical films 40
and 50 are both 450 nm, and reflectances .5 and a6 of the
optical films 40 and 50 at the common center wavelength (450
nm) are different from each other. From this point, the
example of FIG. 2B has the same common features as in the
example of FIG. 2A.

However, in the example of FIG. 2B, the characteristic line
L6 which represents the reflective characteristic of the second
optical film 50 has a feature to be substantially flat (even)in a
significantly wide wavelength band. That is, the second opti-
cal film 50 using the Ag simplex film substantially maintains
the reflectance to R1, for example, in the wavelength band of
425 nm to 475 nm.

When designing a normal optical film, since the reflectance
of'each of the first optical film 40 and the second optical film
50 differs by wavelength, it is necessary to constantly take
into consideration the reflectance of each of the first optical
film 40 and the second optical film 50 at a wavelength to be

10

15

20

25

30

35

40

45

50

55

60

65

12

noticed. In contrast, in the example shown in FIG. 2B, after
the reflectance of the second optical film 50 is fixed to R1,
only the reflectance of the first optical film 40 may be
adjusted, making it easy to design the optical films. In this
way, if different types of materials are combined, it is possible
to realize the characteristics of the optical filter which could
not be obtained by a combination of the same materials.

Second Embodiment

In this embodiment, a specific example of design for a first
optical film and a second optical film will be described. FIGS.
3A to 3D are diagrams illustrating a specific example of
design for optical films in an Etalon filter. In the following
description, it is assumed that dielectric multilayer films are
used as optical films. In the following description, an example
where the mirror structure according to an embodiment of the
invention is not used will be appropriately referenced as a
comparative example.

As shown in FIG. 3A, light (including a red light compo-
nent, a blue light component, and a yellow light component)
irradiated from a light source 100 is reflected by a sample 200
or transmits the sample 200, and then light is input to an
Etalon filter 300. The Etalon filter 300 functions as a spectro-
scope, and transmits only light components in a desired wave-
length band from among the input light components (includ-
ing a red light component, a blue light component, and a
yellow light component). In the example of FIG. 3A, the
Etalon filter 300 transmits only the blue light component.
Light (transmitted light) having passed through the Etalon
filter 300 is incident on a light-receiving unit 400 which
includes a photodiode PD or the like. The light-receiving unit
400 converts a light signal to an electrical signal through
photoelectric conversion. For example, colorimetry of the
sample 200, component analysis of the sample 200, or the like
is performed on the basis of the obtained electrical signal.

The measurement sensitivity, measurement precision, or
the like of a spectrometric instrument is determined depend-
ing on the transmissive characteristic of the Etalon filter 300.
As described above, the transmissive characteristic of the
Etalon filter 300 is determined depending on the reflectances
of the first optical film 40 and the second optical film 50.
When the reflectance of each of the optical films 40 and 50 is
high, the half-value width becomes small, and when the
reflectance of each of the optical films 40 and 50 is low, the
half-value width becomes large. Description will be contin-
ued with reference to FIG. 10. FIG. 10 is a diagram showing
an example of the relationship between the reflectance of each
optical film and the half-value width of an optical filter. As
will be apparent from FIG. 10, when the reflectance of each
optical film is high, the half-value width becomes small, and
when the reflectance of each optical film becomes low, the
half-value width becomes large.

Returning to FIGS. 3A to 3D, description will be contin-
ued. When the half-value width of the Etalon filter 300 is
small, only light of a desired wavelength is extracted, thereby
improving the measurement precision. However, since the
quantity of light which transmits the Etalon filter 300 is low-
ered, the light-receiving unit 400 may not detect light. Mean-
while, if the half-value width of the Etalon filter 300 is large,
the quantity of transmitted light increases, and the light-
receiving unit 400 easily detects light. However, since light
other than a desired wavelength is also detected, it is undeni-
able that the wavelength resolution is lowered. For this rea-
son, it is necessary to design optical films to satisfy both the
half-value width and the light quantity.
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The factor which determines the half-value width of the
Etalon filter is the reflectance of each optical film. As a gen-
eral method which controls the reflectance, a method is
known which changes the materials or changes the number of
layers of each optical film. However, when the material
changes, there is a limit on the types of usable materials.
When the number of layers of each optical film changes, the
reflectance has only a discrete value with respect to the num-
ber of layers, and accordingly, it may be impossible to design
a target reflectance (or half-value width or light quantity).

As shown in FIG. 3B, a dielectric multilayer film which is
used as an optical film has a configuration in which a high-
refractive-index layer (H) and a low-refractive-index layer
(L) are alternately laminated. In the example shown in FIG.
3B, a TiO, film (refractive index n=2.5) is used as the high-
refractive-index layer (H), and a SiO, film (refractive index
n=1.5)is used as the low-refractive-index layer (L.). However,
this example is just an example, and the invention is not
limited thereto.

The example of FIG. 3B is a comparative example where
an asymmetrical mirror structure is not used. That is, in the
example of FIG. 3B, the first optical film 40 on the first
substrate 20 and the second optical film 50 on the second
substrate 30 have the same reflective characteristic. When a
combination of a single TiO, film and a single Si0, film is one
pair, the first optical film 40 is a laminated film of three pairs,
and the second optical film 50 is also a laminated film of three
pairs. That is, the number of pairs of layers of each of the
optical films 40 and 50 is 3. The thickness of the TiO, film is
the same between the optical films 40 and 50, and the thick-
ness of the Si0, film is also the same between the optical films
40 and 50.

With regard to design for the optical films 40 and 50, a
method called A/4 design is used. For example, when the
refractive index of the TiO, film which forms the first optical
film 40 is n, a design wavelength A1 is 450 nm, and a thickness
is d, the thickness d of the TiO, film is determined such that
nd=AY4 is established. The thickness of the SiO, film which
forms the first optical film 40 is determined in the same
manner. In the example of FIG. 3B, since the reflective char-
acteristics of the first optical film 40 and the second optical
film 50 are symmetrical, in the second optical film 50, with
A4 design using a design wavelength A2 of 450 nm, the
thickness of the TiO, film and the thickness of the SiO, film
are determined.

FIG. 3C shows the relationship between the number of
layers of each of the first optical film and the second optical
film and the half-value width. In the symmetrical mirror
structure of FIG. 3B, in an example where the number of
layers of each of the first optical film 40 and the second optical
film 50 is 10 (an example of 10-10 layers), the half-value
width becomes A1. In an example where the number of layers
of'each of the first optical film 40 and the second optical film
50 is 8 (an example of 8-8 layers), the half-value width
becomes A2. In an example where the number of layers of
each of the first optical film 40 and the second optical film 50
is 6 (an example of 6-6 layers), the half-value width becomes
A3.

FIG. 3D shows the relationship between the half-value
width of the Etalon filter and the quantity of transmitted light.
A light quantity B1 of FIG. 3D corresponds to a half-value
width Al shown in FIG. 3C, a light quantity B2 corresponds
to a half-value width A2 shown in FIG. 3C, and a light
quantity B3 corresponds to a half-value width A3 shown in
FIG. 3C.

As will be apparent from FIGS. 3C and 3D, when the
number of layers changes, the half-value width and the light
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quantity cannot but change discretely. Thus, for example,
when the half-value width of the Etalon filter is set to 3 nm,
and a tolerance is +0.5 nm, the required specification may not
be satisfied only with a change in the number of layers in the
comparative example shown in FIG. 3B.

Accordingly, in this embodiment, the reflective character-
istics of'the first optical film 40 and the second optical film 50
are intentionally asymmetrized, and the asymmetrical char-
acteristics of the optical films shown in FIG. 1 or 2 are real-
ized, thereby realizing the characteristics of the optical filter
which could not be realized in the related art.

FIGS. 4A t0 4C are diagrams illustrating an example where
amirror structure is used in which the thickness of a dielectric
multilayer film differs between a first optical film and a sec-
ond optical film. In the example shown in FIG. 4A,a TiO, film
(refractive index n=2.5) is used as a high-refractive-index
layer (H), and a SiO, film (refractive index n=1.5) is used as
a low-refractive-index layer (L). The TiO, film is a first mate-
rial layer (first material film), and the SiO, film is a second
material layer (second material film).

The first optical film 40 is a first laminated film in which m
(where m is an integer equal to or greater than 1) sets (pairs)
of layers, each having the first material film (TiO, film) and
the second material film (SiO, film), are laminated. In the
example of FIG. 4A, m=3 is set. That is, the number of sets of
layers of the first optical film 40 is 3.

The second optical film 50 is a second laminated film in
which m sets (pairs) of layers, each having the first material
film (TiO, film) and the second material film (SiO, film), are
laminated (in this example, m=3), and the thickness h2 ofa set
(one pair) of layers is different from the thickness hl of a set
(one pair) of layers in the first optical film 40.

As described above, although both the first optical film 40
and the second optical film 50 are designed by a method
called A/4 design, in the example of FIG. 4A, a difference in
the design wavelength is provided between the first optical
film 40 and the second optical film 50. That is, the design
wavelength A1 in the first optical film 40 is set to 500 nm, and
the design wavelength A.2 in the second optical film 50 is set
to 400 nm. As a result, the thickness of a set (one pair) of
layers in the first optical film 40 becomes hl, and the thick-
ness of a set (one pair) of layers in the second optical film 50
becomes h2 different from hl. In this example, h1>h2.

As described above, in the example of FIG. 4A, the first
optical film 40 and the second optical film 50 are formed of
laminated films, and while the number of sets of layers is the
same, the thickness of a set of layers having the first material
layer (TiO, film) and the second material layer (SiO, film)
differs between the optical films 40 and 50. Thus, the reflec-
tive characteristic of the first optical film 40 and the reflective
characteristic of the second optical film 50 are asymmetrized.
Varying in the film thickness in the laminated film can be
achieved by slightly varying the manufacturing process and is
easily realized.

The thickness of at least one of the first material layer (TiO,
film) and the second material layer (SiO, film) changes,
thereby changing the thickness of a set (one pair) of layers.
This case also falls within this example.

FIG. 4B shows an example of the effect of asymmetrization
of the reflective characteristics of the optical films. FIG. 4B
shows the characteristics (peak wavelength, transmittance,
half-value width, and light quantity ratio) of the Etalon filter
in the comparative example (the design wavelengths A1 and
A2 are both 450 nm) of FIG. 3B described above and the
characteristics (peak wavelength, transmittance, half-value
width, and light quantity ratio) of the Etalon filter in the
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example (the design wavelength A1 is 400 nm and the design
wavelength A2 is 500 nm) of FIG. 4A.

With the asymmetrization of the reflective characteristics
of the optical films, while the peak wavelength does not
change, the transmittance at the center wavelength changes
from 93.1 to 82.9, the half-value width changes from 1.6 nm
to 2.6 nm, and the light quantity ratio changes from 1 to 1.36.

FIG. 4C shows the spectral characteristics of the Etalon
filter in two examples shown in FIG. 4B. In FIG. 4C, a
characteristic line which represents the characteristic of the
comparative example (an example where the reflective char-
acteristics are asymmetrical) is indicated by a solid line, and
a characteristic line which represents the characteristic of this
embodiment (an example where the reflective characteristics
are asymmetrical) is indicated by a broken line. A half-value
width w1 is 1.6 nm, and a half-value width w2 is 2.6 nm. As
will be apparent from FI1G. 4C, the reflective characteristics of
the first optical film 40 and the second optical film 50 are
asymmetrized, thereby realizing the spectral characteristics
of the Etalon filter 300 which could not be obtained when the
reflective characteristics were symmetrical.

FIGS. 5A and 5B are diagrams illustrating an example
where a mirror structure is used in which the number of
dielectric multilayer films (the number of pairs) differs
between the first optical film and the second optical film. In
the example shown in FIG. 5A, the number of layers (the
number of pairs) differs between the optical films 40 and 50,
such that the reflective characteristics of the optical film are
asymmetrized.

That is, in the example of FIG. 5A, a TiO, film (refractive
index n=2.5) is used as a high-refractive-index layer (H), and
a Si0, film (refractive index n=1.5) is used as a low-refrac-
tive-index layer (L). The TiO, film is a first material layer
(first material film), and the SiO, film is a second material
layer (second material film).

The first optical film 40 is a first laminated film in which m
(where m is an integer equal to or greater than 1) sets (pairs)
of layers, each having the first material film (TiO, film) and
the second material film (SiO, film), are laminated. In the
example of FIG. 5A, m=4 is set. That is, the number of sets of
layers of'the first optical film 40 is 4, and the total number of
layers to be laminated is 8.

Meanwhile, the second optical film 50 is a second lami-
nated film in which n (where n is an integer equal to or greater
than 2, and n=m) sets (pairs) of layers, each having the first
material film (TiO, film) and the second material film (SiO,
film), are laminated. In the example of FIG. 5A, n=3 is set.
That is, the number of sets of layers of the first optical film 40
is 3, and the total number of layers to be laminated is 6.
Varying the number of layers (the number of pairs) in the
laminated film can be achieved by slightly varying the manu-
facturing process and is easily realized.

Even when the number of layers of the first optical film 40
and the number of layers of the second optical film are
reversed, there is no change in the spectral characteristics of
the Etalon filter. For example, when the number of sets of
layers (the number of pairs) of the first optical film 40 is “2”
and the number of sets of layers (the number of pairs) of the
second optical film 50 is “1”, and when the number of sets of
layers (the number of pairs) of the first optical film 40 is “1”
and the number of sets of layers (the number of pairs) of the
second optical film 50 is “2”, there is no difference in the
spectral characteristics of the Etalon filter.

In the example shown in FIG. 5A, it is possible to realize
the optical filter characteristics which are different from the
optical filter characteristics in the comparative example of
FIG. 3B and the optical filter characteristics in the example of
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FIG. 4A. FIG. 5B shows multiple examples of the correspon-
dence relationship between the half-value width and the light
quantity of the optical filter.

Points C1 and C2 shown in FIG. 5B indicate the charac-
teristics in the example (the example where the number of
layers differs to make reflective characteristics different from
each other) shown in FIG. 5A. The point C1 shows the rela-
tionship between the half-value width and the light quantity
when the number of layers of the first optical film 40 is 10 and
the number of layers of the second optical film 50 is 8 (an
example of 10 layers-8 layers). The point C2 shows the rela-
tionship between the half-value width and the light quantity
when the number of layers of the second optical film 50 is 8
and the number of layers of the second optical film 50 is 6.
That is, the point C2 shows the characteristic of the optical
filter 300 which is obtained when the mirror structure (the
example of 8 layers-6 layers) shown in FIG. 5A is used.

A point D1 in FIG. 5B shows the characteristics of the
optical filter 300 which is obtained when the mirror structure
shown in FIG. 4A in which the film thickness differs between
the optical films is used. Points A1 to A3 show the character-
istics of the optical filter 300 which are obtained when the
mirror structure shown in FIG. 3D in which the reflective
characteristics are asymmetrical is used.

As will be apparent from FIG. 5B, the reflective character-
istics are asymmetrized between the optical films 40 and 50,
and the characteristics (the point C1, the point C2, and the
point D1) which were not obtained in the related art are
obtained. Therefore, it becomes possible to improve the
degree of freedom in designing the optical films and to realize
more various optical filter characteristics.

Although an example where a film thickness differs and an
example where the number of layers differs have been
described, the invention is not limited thereto. For example,
the film thickness may differ between the optical films 40 and
50, and the number of layers may also change between the
optical films 40 and 50. That is, with the adjustment of the
number of layers (the number of pairs) in the laminated film
and the adjustment of the thickness of a set of layers, it is
possible to control the reflective characteristics of the optical
films in more various forms. The configuration of the optical
films can be achieved by slightly varying the manufacturing
process and is easily realized.

FIGS. 6A to 6C are diagrams illustrating an example where
a material for forming a first optical film and a material for
forming a second optical film are different from each other.

In FIG. 6A, three pairs of dielectric multilayered films
which are designed with the design wavelength A1 0of 450 nm
are used as the first optical film 40, and an Ag film (in this
case, an Ag simplex film)is used as the second optical film 50.
The material differs between the optical films 40 and 50, such
that the reflective characteristic of the first optical film 40 can
be asymmetrical to the reflective characteristic of the second
optical film 50. With a combination of optical films using
different materials, it is possible to design the Etalon filter 300
having more various characteristics.

In FIG. 6B, a characteristic line L5 which represents the
reflective characteristic of the first optical film (dielectric
multilayer film) 40 is indicated by a solid line, and a charac-
teristic line L6 which represents the reflective characteristic
of'the second optical film (Ag simplex film) 50 is indicated by
a broken line. The center wavelengths of the optical films 40
and 50 are both 450 nm, and the reflectances of the optical
films 40 and 50 at the common center wavelength (450 nm)
are a5 and a6. In the example of FIG. 6B, a characteristic line
L6 which represents the reflective characteristic of the second
optical film 50 has a feature to be substantially flat (even) in a
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significantly wide wavelength band. That is, the second opti-
cal film 50 using the Ag simplex film substantially maintains
the reflectance to R1, for example, in the wavelength band of
425 nm to 475 nm.

When designing a normal optical film, since the reflectance
of'each of the first optical film 40 and the second optical film
50 differs by wavelength, it is necessary to constantly take
into consideration the reflectance of each of the first optical
film 40 and the second optical film 50 at a wavelength to be
noticed. In contrast, in the example shown in FIG. 6B, after
the reflectance of the second optical film 50 is fixed to R1,
only the reflectance of the first optical film 40 may be appro-
priately adjusted, making it easy to design the optical films. In
this way, if different types of materials are combined, it is
possible to realize the characteristics of the optical filter
which could not be obtained by a combination of the same
materials.

FIG. 6C shows an example of the characteristics of the
optical filter which are obtained by a combination of different
types of materials. FIG. 6C shows an example of a change in
the half-value width of the Etalon filter 300. FIG. 6C shows
three characteristic examples. A characteristic line K1 repre-
sents the characteristic of the half-value width of the Etalon
filter 300 which is obtained when Ag films are used as both the
first optical film 40 and the second optical film 50. A charac-
teristic line K2 represents the characteristic of the half-value
width of the Etalon filter 300 which is obtained when dielec-
tric multilayer films are used as both the first optical film 40
and the second optical film 50. A characteristic line K3 rep-
resents the characteristic of the half-value width of the Etalon
filter 300 which is obtained when a dielectric multilayer film
is used as the first optical film 40 and an Ag film is used as the
second optical film 50. The materials of the optical films are
selected, and a combination of the materials is selected, such
that three different half-value widths can be realized with
respect to a wavelength Ap to be noticed. Therefore, it is
possible to design the Etalon filter 300 having various char-
acteristics.

The structure may differ between the first optical film 40
and the second optical film 50, such that the reflective char-
acteristic of the first optical film 40 and the reflective charac-
teristic of the second optical film 50 are asymmetrized. There-
fore, the degree of freedom in designing the Etalon filter 300
is improved.

For example, there may be a case where the first optical
film 40 is a laminated film with a set of layers having a first
material layer and a second material layer as a constituent
unit, and the second optical film 50 is a laminated film with a
set of layers having a first material layer, a second material
layer, and a third material layer as a constituent unit.

While the materials which are used for the optical films 40
and 50 have the same molecular formula, a way of bonding
atoms or groups in each compound changes by the chemical
and physical actions of a catalyst or the like. Thus, the com-
pounds (isomers) have the same molecular formula but are
different in the structural formula. This also corresponds to a
case where the structures of the optical films are different
from each other.

Third Embodiment

Next, an example of the specific structure of a variable gap
Etalon filter will be described. FIGS. 7A to 7C are diagrams
illustrating an example of the specific structure of a variable
gap Etalon filter and the operation of the variable gap Etalon
filter. FIG. 7A is a diagram showing the sectional structure of
a variable gap Etalon filter in a state where a driving voltage
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is not applied (initial gap G1). FIG. 7B is a diagram showing
a layout example of the first optical film 40 and a first elec-
trode 60 formed on the first substrate 20. FIG. 7C is a diagram
showing the sectional structure of a variable gap Etalon filter
in a state where a driving voltage is applied (gap G3). The
variable gap Etalon filter as the Etalon filter 300 shown in
FIGS. 7A to 7C uses a mirror which includes a pair of optical
films having asymmetrical reflective characteristics
described in the foregoing embodiment.

In FIG. 7A, for example, a support portion 22 is formed as
a single body with the first substrate 20 to movably support
the second substrate 30. The support portion 22 may be pro-
vided in the second substrate 30 or may be formed separately
from the first substrate 20 and the second substrate 30.

The first substrate 20 and the second substrate 30 can be
formed of, for example, various kinds of glass, such as soda
glass, crystalline glass, quartz glass, lead glass, potassium
glass, borosilicate glass, and alkali-free glass, crystal, or the
like. Of these, as the materials for forming the substrates 20
and 30, for example, glass containing an alkali metal, such as
sodium (Na) or potassium (K), is preferably used. If the
substrates 20 and 30 are formed of these kinds of glass, it
becomes possible to improve adhesiveness of the optical
films (reflecting films) 40 and 50 or a first electrode 60 and a
second electrode 70 or the bonding strength between the
substrates. The two substrates 20 and 30 are bonded to each
other, for example, by surface activated bonding using a
plasma-polymerized film and formed as a single body. The
first substrate 20 and the second substrate 30 are formed, for
example, in a square shape having each side of 10 mm, and the
maximum diameter of a portion which functions as a dia-
phragm is, for example, 5 mm.

The first substrate 20 is formed by processing a glass base
material having a thickness of 500 um through etching.

The second substrate 30 as a movable substrate has a thin
portion (diaphragm) 34, and thick portions 32 and 36. The
thin portion 34 is provided, such that desired bend (deforma-
tion) can be generated in the second substrate 30 with a lower
driving voltage. Therefore, power saving is realized.

In the first substrate 20, for example, the circular first
optical film 40 is formed in a first opposing surface at the
center of an opposing surface to the second substrate 30.
Similarly, the second substrate 30 is formed, for example, by
processing a glass base material having a thickness of 200 pm
through etching. In the second substrate 30, for example, the
circular second optical film 50 is formed at the center position
of'an opposing surface to the first substrate 20 to face the first
optical film 40. FIG. 7B shows the first optical film 40 and the
first electrode 60 around the first optical film 40. A first wire
61 is connected to the first electrode 60.

The first optical film 40 and the second optical film 50 are
formed, for example, in a circular shape having a diameter of
about 3 mm. The first optical film 40 and the second optical
film 50 can be formed, for example, by a method, such as
sputtering. The thickness of each of optical films can be, for
example, about 0.03 pum. In this embodiment, for example,
optical films which have a characteristic capable of dispersing
the entire visible light range can be used as the first optical
film 40 and the second optical film 50.

The first optical film 40 and the second optical film 50 are
arranged to face each other through a first gap G1 in a voltage
non-application state shown in FIG. 7A. Although in this
case, the first optical film 40 is a fixed mirror and the second
optical film 50 is a movable mirror. The first optical film 40
and the second optical film 50 may be reversed or may be both
movable mirrors.
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In plan view when viewed from the thickness direction of
the first substrate 20, the first electrode 60 is formed around
the first optical film 40. In the following description, the plan
view refers to a case where the substrate plane is viewed from
the thickness direction of each substrate. Similarly, the sec-
ond electrode 70 is provided on the second substrate 30 to
face the first electrode 60. The first electrode 60 and the
second electrode 70 are arranged to face each other through a
second gap G2. The surfaces of the first electrode 60 and the
second electrode 70 are covered with insulating films.

As shown in FIG. 7B, the first electrode 60 does not overlap
the first optical film 40 in plan view. Thus, it is easy to design
the optical characteristic of the first optical film 40. The same
is applied to the second electrode 70 and the second optical
film 50.

For example, the second electrode 70 is at a common
potential (for example, a ground potential) and a voltage is
applied to the first electrode 60, such that, as shown in FIG.
7C, electrostatic force F1 (in this case, electrostatic attractive
force) indicated by an arrow can be generated between the
electrodes. That is, the first electrode 60 and the second elec-
trode 70 form an electrostatic actuator 80. The gap between
the first optical film 40 and the second optical film 50 can be
variably controlled to the gap (G3) smaller than the initial gap
(G1) by the electrostatic attractive force F1. The wavelength
of transmitted light is determined depending on the size of the
gap between the optical films. Therefore, a transmission
wavelength can be selected by changing the gap.

As indicated by bold lines in FIG. 7A, a first wire 61 is
connected to the first electrode 60, and a second wire 71 is
connected to the second electrode 70.

As described above, in this embodiment, the reflective
characteristics of the first optical film 40 and the second
optical film 50 are asymmetrized. As a result, when the thick-
ness of the first optical film 40 is difterent from the thickness
of the second optical film 50, it is preferable to design such
that the thickness of the second optical film 50 formed on the
second substrate 30 serving as a movable substrate becomes
small.

That is, since the second substrate 30 is a movable sub-
strate, it is important that a movable unit (diaphragm) is
appropriately bent (deformed) by electrostatic force which is
generated between the first electrode and the second elec-
trode. Thus, the thickness of the second optical film 50 pro-
vided on the second substrate 30 serving as the movable
substrate may be set to be smaller than the thickness of the
first optical film 40 provided on the first substrate 20 serving
as the fixed substrate. Therefore, stress by the second optical
film 50 on the second substrate 30 serving as the movable
substrate is reduced, making it easy to secure satisfactory
bendability of the movable unit.

For the same reason, it is preferable that residual stress
(film stress) of the second optical film 50 on the second
substrate 30 side is set to be smaller than residual stress (film
stress) of the first optical film 40 on the first substrate 20 side.

Fourth Embodiment

FIGS. 8A and 8B are diagrams showing an example of the
structure of an optical filter using a variable gap Etalon filter
and an example of a spectrometric instrument.

As shown in FIG. 8A, a variable gap Etalon filter as an
Etalon filter 300 has a first substrate (for example, a fixed
substrate) 20 and a second substrate (for example, a movable
substrate) 30 which are arranged to face each other, a first
optical film 40 which is provided on the principal surface
(front surface) of the first substrate 20, a second optical film
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50 which is provided on the principal surface (front surface)
of'the second substrate 30, and actuators (for example, elec-
trostatic actuators, piezoelectric elements, or the like) 80a
and 805 which are sandwiched between the substrates and
adjust the gap (distance) between the substrates.

At least one of the first substrate 20 and the second sub-
strate 30 may be a movable substrate, or both of them may be
movable substrates. The actuator 80a and the actuator 805 are
respectively driven by a driving unit (driving circuit) 301a
and a driving unit (driving circuit) 30156. The operations of the
driving units (driving circuits) 301a and 3015 are controlled
by a control unit (control circuit) 303.

Light Lin which is incident at a predetermined 8 from the
outside is hardly dispersed and passes through the first optical
film 40. Light reflection is repeated between the first optical
film 40 provided on the first substrate 20 and the second
optical film 50 provided on the second substrate 30. Thus,
light interference occurs, and only light of a wavelength sat-
isfying a specific condition is intensified, and a part of inten-
sified light passes through the second optical film 50 on the
second substrate 30 and reaches the light-receiving unit (in-
cluding a light-receiving element) 400. The wavelength of
light which is intensified by interference depends on the gap
G1 between the first substrate 20 and the second substrate 30.
Therefore, the wavelength band of passing light can be
changed by variably controlling the gap G1.

If the variable gap FEtalon filter is used, a spectrometric
instrument shown in FIG. 8B can be constituted. As an
example of the spectrometric instrument, for example, there
are a colorimeter, a spectroscopic analyzer, a spectrum ana-
lyzer, and the like.

In the spectrometric instrument shown in FIG. 8B, for
example, when colorimetry of a sample 200 is performed, a
light source 100 is used, and when spectroscopic analysis of
a sample 200 is performed, a light source 100' is used.

A spectrometric instrument includes a light source 100 (or
100", an optical filter (spectroscopic unit) 300 which includes
a plurality of wavelength-variable band-pass filters (variable
BPF(1) to variable BPF(4)), a light-receiving unit 400 which
includes light-receiving elements PD(1) to PD(4), a signal
processing unit 600 which performs given signal processing
on the basis of light-receiving signal (light quantity data)
obtained from the light-receiving unit 400 to obtain a spec-
trophotometric distribution or the like, a driving unit 301
which drives the variable BPF(1) to the variable BPF(4), and
a control unit 303 which variably controls the spectral band of
each of the variable BPF(1) to the variable BPF(4). The signal
processing unit 600 has a signal processing circuit 501, and if
necessary, a correction arithmetic unit 500 may be provided.

With the measurement of the spectrophotometric distribu-
tion, for example, it is possible to perform colorimetry of the
sample 200, component analysis of the sample 200, or the
like. As the light source 100 (100"), for example, a light source
(solid-state light-emitting element light source) using a solid-
state light-emitting element light source, such as an incandes-
cent lamp, a fluorescent lamp, a discharge tube, or an LED,
may be used.

An optical filter module 350 includes the Etalon filter 300
and the light-receiving unit 400. The optical filter module 350
can be applied to a spectrometric instrument and can be used
as a receiving unit (including a light-receiving optical system
and a light-receiving element) of an optical communication
device. This example will be described below with reference
to FIGS. 5A and 5B. The optical filter module 350 of this
embodiment has advantages of suppressing deterioration in
the characteristics of the optical film to achieve high reliabil-
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ity, increasing the wavelength range of transmitted light, and
being small, lightweight, and convenient.

In the example of FIG. 8B, a plurality of wavelength-
variable band-pass filters (variable BPF(1) to variable BPF
(4)) are used. That is, a first variable gap Etalon BPF(1) and a
second variable gap Etalon BPF(2) having different spectral
bands are used. In this case, a configuration may be made such
that, in the first variable gap Etalon BPF(1), the reflective
characteristics of the first optical film 40 and the second
optical film 50 are asymmetrical, and in the second variable
gap Etalon BPF(2), the reflective characteristics of the first
optical film 40 and the second optical film 50 are symmetri-
cal. A variable gap Etalon which uses a mirror with asym-
metrical reflective characteristics and a variable gap Etalon
which uses a mirror with symmetrical reflective characteris-
tics are mixed, thereby realizing the optical filter module 350
having various spectral characteristics compared to the
related art.

In the example of FIG. 8B, first to third variable gap Etal-
ons (BPF(1) to BPF(3)) having different spectral bands are
used. A variable gap Etalon which uses a mirror with first
asymmetrical reflective characteristics, a variable gap Etalon
which uses a mirror with second asymmetrical reflective
characteristics, and a variable gap Etalon which uses a mirror
with symmetrical reflective characteristics are mixed, thereby
realizing the optical filter module 350 having various spectral
characteristics compared to the related art.

Fifth Embodiment

FIG. 9 is a block diagram showing the schematic configu-
ration of a transmitter of a wavelength multiplexing commu-
nication system which is an example of an optical instrument.
In wavelength multiplexing (WDM: Wavelength Division
Multiplexing) communication, from the characteristic that
signals of different wavelengths do not interfere with each
other, if a plurality of light signals of different wavelengths
are multiply used in a single optical fiber, the amount of data
transmission can be improved without increasing an optical
fiber line.

In FIG. 9, a wavelength multiplexing transmitter 800 has
an Etalon filter 300 on which light from a light source 100 is
incident. Light of a plurality of wavelengths A0, A1, A2, . . .1is
transmitted from the Etalon filter 300 (including an Etalon
element having one of the above-described mirror structures).
Transmitters 311, 312, and 313 are provided by wavelength.
Light pulse signals for a plurality of channels from the trans-
mitters 311, 312, and 313 are adjusted to one signal by a
wavelength multiplexing device 321 and sent to a single
optical fiber transmission path 331.

The invention can also be applied to an optical code divi-
sion multiplexing (OCDM) transmitter. This is because,
while the OCDM identifies channels by pattern matching of
encoded light pulse signals, light pulses which form the light
pulse signals include light components of different wave-
lengths. As described above, if the invention is applied to an
optical instrument, a reliable optical instrument (for example,
various sensors or optical communication application instru-
ment) in which deterioration in the characteristics of the
optical films is suppressed is realized.

As described above, according to at least one of the
embodiments of the invention, for example, it is possible to
improve the degree of freedom in designing the optical films.
For example, a small and convenient optical filter module is
also realized. Itis also possible to realize a small, lightweight,
and convenient spectrometric instrument having a simplified
configuration. A small, lightweight, and convenient optical
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instrument (for example, various sensors or optical commu-
nication application instrument) having a simplified configu-
ration is also realized.

The invention is suitably applied to, for example, an optical
filter, such as Etalon. However, the invention is not limited to
this example, and the invention can be applied to all structures
(elements or instrument) using a mirror, which includes a pair
of optical films having a light-reflective characteristic and a
light-transmissive characteristic, as a mirror structure.

Although the invention has been described with reference
to the embodiments, those skilled in the art should readily
understand that various modifications may be made without
substantially departing from the novel matter and effects of
the invention. Thus, those modifications also fall within the
scope of the invention. For example, a term described at least
once with a different term with a broader sense or the same
meaning in the specification or the accompanying drawings
can be replaced with the different term in any part of the
specification or the accompanying drawings.

What is claimed is:

1. An optical filter that receives light through a plurality of
variable wavelength bandpass filters responsible for respec-
tive wavelength bands,

wherein the variable wavelength bandpass filters respon-
sible for adjacent wavelength bands include a first vari-
able wavelength bandpass filter that is responsible for a
first wavelength band,

a second variable wavelength bandpass filter that is respon-
sible for a second wavelength band that is different from
the first wavelength band,

the first variable wavelength bandpass filter having a first
optical film and a second optical film facing each other
with asymmetrical reflective characteristics, and

the second variable wavelength bandpass filter having a
third optical film and a fourth optical film facing each
other with symmetrical reflective characteristics.

2. The optical filter according to claim 1,

wherein a thickness of the first optical film is different from
a thickness of the second optical film, and

when a first center wavelength of the first optical film is A1,
a second center wavelength of the second optical film is
A2, and a filter center wavelength in a spectral band of
the optical filter is A3, A1<A3<A2 is established.

3. The optical filter according to claim 1,

wherein a thickness of the first optical film is different from
a thickness of the second optical film, and

when a first minimum reflectance value of the first optical
film in the spectral band of the optical filter is a1, and a
second minimum reflectance value of the second optical
film in the spectral band of the optical filter is a2,
a1-A220.64 is established.

4. The optical filter according to claim 1,

wherein a material which forms the first optical film is
different from a material which forms the second optical
film.

5. The optical filter according to claim 1,

wherein the first optical film is configured by stacking a
plurality of first layers, and the second optical film is
configured by stacking a plurality of second layers, and

each of the plurality of first layers has a first thickness, and
each of the plurality of second layers has a second thick-
ness that is different from the first thickness.

6. The optical filter according to claim 5,

wherein a first stacking number of the plurality of first
layers is different from a second stacking number of the
plurality of second layers.



US 9,229,219 B2

23

7. The optical filer according to claim 5,

wherein the each of the plurality of first layers of the first
optical film is configured a first material film and a
second material film that is different from the first mate-
rial film,

the each of the plurality of second layers of the second
optical film is configured with the first material film and
the second material film, and

afirstreflective index of the first material film is higher than
a second reflective index of the second material film.

8. The optical filter according to claim 1,

wherein the optical filter is a variable gap Etalon filter,

the first substrate is a fixed substrate having a first elec-
trode,

the second substrate is a movable substrate having a second
electrode, and

a gap between the first optical film and the second optical
film is variably controlled by electrostatic force which is
generated between the first electrode and the second
electrode, such that the spectral band is switched within
a desired wavelength band.

9. The optical filter according to claim 8,

wherein the first electrode is formed around the first optical
film in a plan view, and the second electrode is formed
around the second optical film in the plan view.
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10. The optical filter according to claim 8,

wherein a thickness of the second optical film provided on
the second substrate serving as the movable substrate is
smaller than a thickness of'the first optical film provided
on the first substrate serving as the fixed substrate.

11. An optical filter module comprising:

the optical filter according to claim 1; and

a light-receiving element which receives light having
transmitted through the optical filter.

12. A spectrometric instrument comprising:

the optical filter according to claim 1;

a light-receiving element which receives light having
transmitted through the optical filter; and

a signal processing unit which performs given signal pro-
cessing on the basis of signal processing based on a
signal obtained from the light-receiving element.

13. An optical instrument comprising:

the optical filter according to claim 1;

a light source to provide light to the optical filter; and

a light-receiving element which receives light having
transmitted through the optical filter.
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